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2 5 .iU^J 2C03 

A novel process and apparatus for producing metal nanoparticles by electro-explosion of 
wires is diclosed. The invention comprises placing a vsdre and a plate of the same material 
as two electrodes in a dense medium, preferably water, in such a manner so as to guide the 
wire in a straight line and applying a voltage of greater than 12V to said electrodes to cause 
the wire explode into nanoparticles. 
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A NOVEL PROCESS AND APPARATUS FOR PRODUCING 

NANOPARTICLES 



METAL 



The following specification particularly de<5rrih<.o ^ 



Field of the invention 

The present invention relate, u, a novel process for producing meml mmopartides 
by electro-explosion of wires. More particularly, .he present invention provides a process 
for to p^lucdon of nanoparticles comprising exploding ^ in«> small fragments by 
app .^0. of suitable voltages, at low voltages in otder to supply energy to the wires sul 
to the nanoparticle size depends upon various cont^lling parameters such as applied 
voltages a,^ current densities. present invention provides a simple, repeatable process 
to achreve large production volumes for nanoparticles. 
Background of the tevention 

N^roparticles have been a source of great mteres. due to their novel electrical 
optical, phystcal. chemical, magnetic etc. properties, lley have si^rcant potential for 1 
«^ range of appUcations mcluding catalysis, magnetic recording media, optoelectronic 
matenals. magnetic fluids, composite materials, fuel ceUs, pigments and sensors. Their 

™- "7 ^ ^ high ratio of surface area to volume (aspect ratio), as ti«se 
""tenals have diameters of 1 00 nm or less. 

There are several reports of physical/chemical processes for fl« production of 
nanoparticles in technical Uterature. Nanoparticles prepared by physical methods such as 
vapour deposition and sputtering have high quality. i.e. clean surfaces and uniform particle 
d.ti>bution. However, industrial applications for such particles are limited due to tire 
ow production rates and high cost. Altenuttive chemical production metiroda, such as 
fl.«mal decomposition and precipitation are currentty being smdied for tire preparation of a 

of nanoparticles. Chemical methods can p„>vide large .^umtities of ceramic 
particles for mdustrtal applications. However, except for pr^ious m«als. chemical metirods 
are generaUy not applied to ti>e production of metaUic nanoparticles 

Reference is made to U.S. Patem 6,203,768 for "Pr^ess for tire production of 
ultiafine partrcles" by McCormick. Paul Gerarf. Ding, Jun, Miao. Wie-Fang. Street. Robert- 
wherem a mixa« of a metiU compound and a suitable reagent is subjected to mechanicai 
activation (using ball mills) to increase tire reaction kinetics such tira. a chemical reaction 
can occur; which produces a solid nano phase substance. Here the particle size depends on 
ball stze and milUng time. The main drawback of this process is that it U time consuming In 
one example, for steel balls of size 4.8mm; 10m„ size panicles are produced by 8 hours 

Reference is made to U.S. Paten, 5.772,754 ••Ultra-finc particles and their 
production mettrod ttrereof by Tanaka. Shun-ichuo, Xu.Bi„g She; wherein electron beam is 



used to facilitate the reaction. By irradiating with an electron beam in vacuum of metastable 
particles of a metal oxide, dispersed on an amorphous carbon film, an ultrafme powder 
comprising ultrafine stable particles of metal oxide and nanoparticles of a metal are 
produced. The metal particles so produced is a component of the metal oxide. The main 
drawbacks of this process are that it has to be operated in a vacuum enviromnent and the 
product IS a mixture of the metal and its oxide. 

Reference is made to U.S. Patent 4.503,013 "Ultra-high power exploding wire 
systems" by Lowther, Frank E.. where explosion of wires is used to enhance chemical and 
physical reactions. ITxe material to be exploded is mounted in the housing of a reactor and 
finng .s provided in the housing which will explode the members when the element is 
moved into contact there with. Here firing is meant in the sense of providing the electrical 
power for exploding the material. Hot. fast metallic atoms from the exploding element 
acuvate given physical or chemical reactions. Here explosion is used to enhance the 
reaction rate and not to produce nanoparticles. The drawback of this process is that it is used 
to enhance reactivity and does not result in the formation of nanoparticles. 

Reference is made here to US Patent Application 0020037320 of 2002. wherein it is 
clamied that nanomaterials are produced with the help of two electrodes by achieving 
sputtering from one of the electrodes (the target material) in the presence of a dense 
medium. The basic process, namely sputtering, is well-estabUshed m the Uterature Use is 
made here of the process of sputtering in a dense medium to achieve large sputtering yields 
from a t^get material. The particles produced are claimed to be nanometer m size The 
drawback of this process is that only ah ionisable medium can be employed for this purpose 
together with the use of DC voltages high enough to achieve ionization of the medium 
Further, only one of the electrodes is consumed in the process to produce the nanoparticles. 

It is therefore unportant to devise a process for the production of nanoparticles 
which is simple to apply, results m large production volumes and is therefore mdustrially 
feasible, economical and energy efficient. 
Objects of the invention 

The main object of the present invention is to provide a novel process for producing 
metal nanoparticles by electro-explosion of wires, which obviates the above drawbacks. 

Another object of the present mvention is to produce nanoparticles from conducting 
parent materials shaped in the form of a wire / plate and are used as electrodes, whereby 
both electrodes produce the particles. 



Yet another object of the present invention is to generate nanoparticles through the 
dominant mechanism of spark explosion, which is an adaptation of the phenomena called 
electro-explosion of wires. 

Still another object of the present invention is to use low voltages between 12V-50V 
DC, while also having the possibility of employing AC voltages for the purpose, thereby 
reducing the energy costs involved in production of nanoparticles. 

Still another object of the present invention is to provide for the use of various dense 
liquids as medium of explosion, irrespective of their dielectric property. 

Still another object of the present invention is to provide a method by which capping 
is achieved of the nanomaterials with a suitable layer of an inert material produced around 
the nanomaterial due to a reactive step in the environment of the medium present. 
Summary of the invention 

The present invention provides a novel process for the production of metedlic 
nanoparticles based on the electro-explosion of wires in a suitable medium. Particularly, the 
present invention relates to a novel process for the production of metallic nanoparticles by 
way of controlled explosion of the metal in a suitable medium applying voltages of about 
12V and above, to two electrodes, one in the form of a wire and another in the form of a 
plate, so as to achieve a spark between the electrodes, thereby simulating a situation where 
the wu:e cross-section is pinched or reduced and whereby high current densities are 
achieved along the length of the wire, instantaneously exploding the electrodes by sending 
shock waves through the bulk of the material, melting them and dispersing them to form 
small fragments which are then collected by a suitable medium hi which the process is 
initiated, not only for efficient recovery of the material but also to form a protective layer 
around the now highly reactive nanomaterial so to prevent the nanomaterials from 
coalescing into large particles by forming a cap, wherein the capping efficiency is 
determined by the combination of the metal and the medium in which the metal electrodes 
are exploded and the particle size can be modified by way of altering parameters such as 
applied voltage, explosion current density and wire diameters. 

Accordingly, the present invention provides a process for the production of metallic 
nanoparticles by the controlled electro-explosion of a metallic wire in a suitable medium 
comprising: 

i. applying a voltage of greater than 12V to a first electrode and a second electrode, 
both said first and said second electrodes being formed of the metal whose 
nanoparticles are desired, said first electrode being in the form of a plate, and 



said second electrode being in the form of a wire, so as to achieve a spark 
between the said first and second electrodes, thereby simulating a situation 
where the second electrode cross-section is pinched or reduced and vvhereby 
high current densities are achieved along the length of the second electrode, 
ii. instantaneously exploding both said first and second electrodes by sending shock 
waves through the bulk of the material, thereby melting the electrodes and 
dispersing them to form nanoparticles of the metal. coUectmg the. fragments in a 
suitable medium such as herein described and recovering the nanoparticles 
therefrom. 

The present also provides an apparatus for the production of metallic nanoparticles 
by the controlled electro-explosion of a metallic wire in a suitable medium which comprises 
a reaction vessel contaming said medium, a first and second electrodes mounted mside said 
vessel, submerged m said medium, said first and second electrodes being formed of a metal 
whose nanoparticles are desired, said first electrode being in the form of a plate, and said 
second electrode being in the form of a wire, so as to achieve a spark between the said first 
and second electrodes, thereby simulating, a situation where the second electrode cross- 
section is pinched or reduced and whereby high current densities are achieved along the 
length of the second electrode, said electrodes being, comiected to a power source so that 
current is passed through said electrodes, instantaneously exploding both said first and 
second electrodes by sending shock waves through the bulk of the material, thereby melting 
the electrodes and dispersing them to form said nanoparticles of said metal. 

Preferably, said first electrode is mounted wherein said first electrode is mounted 
perpendicular to the base of said reactor. 

In another preferred feature, said fust electrode is mounted m said reaction vessel 
through stainless steel slides on an insulating block 

In another preferred feature, said msulating block is a plastic block. 

In yet another preferred feature, said second electrode is mounted in said reaction 
vessel through a guide. The guide is preferably, an "L» shaped glass tube, mounted through 
an insulating mounting means fixed in said reaction vessel. The "L» shaped glass tube is 
mounted on said msulating mounted means such that it collimates said second electrode, 
passing therethrough to strike said first electrode along its normal. 

The nanomaterials that have been realized are independent particles, comparable in 
size to other nanomaterials reported in the prior art literature. The process is very energy 
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intensive since only relatively low voltages are applied, and also results in high volumes of 
nanoparticles being produced since both electrodes are consumed. 

Accordingly the present invention provides a novel process for producing metal 
nanoparticles by electro-explosion of wires which comprises placing a wire and a plate of 
the same material in a dense medium, preferably water, in such a manner so as to guide the 
wire in a straight line to make contact with the plate intermittently. 

In an embodiment of the present invention a potential difference of 12V - 48V DC, 
preferably 36V DC, is applied between the plate and the wire so as to produce explosion 
when brought into contact with each other to achieve the desired nanoparticles. 

In an embodiment of the present invention the cross-section of vsdres employed are 
in the range of 0.441 1 x 10'^ cm^ - 1.7721 x 10'^ cm^ to carry current in the range of 0.96 x 
10^ A/m^ - 77.6 X 10^ A/m^ to obtain the desired nanoparticles after explosion. 

In yet another embodiment of the present invention all metals capable of 
maintaining a current density of 10^ A/m^ or higher is amenable to production of 
nanomaterials, whose size are in the range of a few nanometers, and whose examples are 
transition metals such as Fe and Cu, noble metals such as Ag and Group III metals such as 
AL 

Brief description of the accompanying drawings 

Figure 1 is a depiction of a Z-pinch obtained in a wire due to the self-inductive interactions 
between the circuit elements resulting in the development of an axial force. 
Figure 2 is a top view of the wire guide for carrying out the process of the invention. 
Figure 3 is a front view of the wire guide for carrying out the process of the invention. 
Figure 4 is a schematic view of the reaction vessel used for carrying out the process of the 
invention. , 

* 

Figure 5 shows the AFM data collected for nano-crystalline copper particles allovsdng for 

the recording of particles in the range 27nm - 72nm. 

Figure 6 shows the XRD data of bulk and nanoparticles of copper. 

Figure 7 shows the AFM data collected for nano-crystalline silver particles allowing for thp 

recording of particles in the range 50nm - 200nm. 

Figure 8 shows the XRD data of bulk and nanoparticles of silver. 

Figure 9 shows the AFM data collected for nano-crystalline iron particles allowing for the 

recording of particles in the range lOnm - 50nm. 

Figure 10 shows the XRD data of bulk and nanoparticles of iron. 



Figure 1 1 shows the AFM data collected for nano-crystalline aluminium particles allowing 

for the recording of particles in the range 40nm - 1 50nm. 

Figure 1 2 shows the XRD data of bulk and nanoparticles of aluminium. 

Detailed description of the invention 

The present invention provides metal nanoparticles made by the novel process of the 
present invention as detailed below. 

The explodii^ wire technique, EEW was basically the guiding principle behind the 
actual experimental arrangement to synthesise nanopowders of Cu, Fe, Al and Ag metals. 

In this technique, very high currents are passed through thin metallic wires in very 
short tune. Extraordinary temperatures (given by the kinetic energy of the electrons) are 
achieved as a result. The wire is converted mto a plasma state. Super cooled metal plasma 
expands with supersonic velocity, creating a shock wave in the ionised surrounding gas. 

The key factors for the control of EEW: 

• The current I should be very large, i.e. very high current density is required for the 
explosion process, which basically gives rise to some non-linearity in the volt- 
ampere characteristics. 

• The initial stage of EEW is a Z-pinch which essentially decreases the cross-sectional 
area of contact to 1/1 00th of the rest of the conductor, thereby tremendously 
increasmg the current' density which is required for explosion to take place, 
whenever contact was made and broken. 

• The medimn which is to be used for doing the explosion. 

* 

Due to self-inductive interactions between the circuit elements, an axial force 
develops which causes a Z-pinch in the wire (Figure 1). These compressive pinches apply 
radially inward pressvire on the cylindrical wire. This forms a constriction in the wire. Due 
to high magnetic field energy density, ^e wire explodes m this region when high current is 
passed in a short period of time. 

If two sharp edged wires are brought close to each other and a potential difference is 
applied between the two, then as soon as contact is made wire explosion takes place. 
Electrons, atoms and ions are scattered and photons are generated resulting in a plasma 
state. Photons are produced due to dcTexcitation and the explosion plumes of characteristic 
colour are observed. • 

Medium: In general an inert atmosphere is suitable as a medium, one which does not 
interact with the plasma formed during the explosion, e.g. butanol, heavy oils, etc. Oxygen 
or any other active medium is not suitable since with mobile carriers they form compounds. 



Finally, wire explosion was done in water for various reasons:- 

a) Experiments already reported in the literature suggest that the initial stage of discharge is 
same in water and air. 

b) Water acts as a suitable medium for attenuating the speed of the metal ions during 
explosion, hence controls the entire procedure. 

c) Water is a good thermal conductor and therefore helps in temperature regulation of the 
process. 

d) It is easily accessible. 

e) After the collection of nanoparticles of the metal in water — some technique suitable for 
the medium used should be employed to separate them from it. This is easily possible by 
centrifiiging the sample solution to collect the nanoparticles. 

f) Water also provides the necessary capping to prevent grain growth. 

Use of wire and plate: In case of a Z-pinch two end-tapered metal rods were used for 
explosion. Same result can be achieved by a movable sheirp-edged wire and a fixed plate as 
a target. This is in the form of the letter K and hence named K-pinch, was used to explode 
thin metal wires on a plate of the same metal such that the plate and the wire are attached to 
the opposite terminals of a battery in the circuit. A potential difference is maintained by the 
batteries between them while contact was made and broken between the plate and wire. This 
resulted into an explosion. This has the following advantages: 

(i) The tapered ends would have got blxmt after a few explosions as the material gets 
exhausted. The cross-sectional area at the Z-pinch would change consequently £ind it would 
be necessary to taper them again. Instead, a wire of uniform cross-sectional area could be 
used by pushing in more and more each time the explosion consumed it. 

(ii) The wire goes and touches the cop|)er plate at a single point so indeed the requirement 
of confining the point of contact (the Z-pinch being modified to a K-pinch), hence 
increasing the current density to facilitate explosion, is met. 

(iii) The plate and the wires both are replaceable when the material gets exhausted. 

The process of exploding the wire on the plate can take place using a DC current 
performing an instantaneous connection - disconnection. This is equivalent to using AC 
current source at a wide range of frequencies. 

The present invention also discloses a portable apparatus for carrying out tlie 

explosion. The apparatus is both simple and efficient and resulted in production of large 

quantities of nanoparticles. 

The wire guide (as shown in Figures 2 and 3) was prepared by the following mctliod 
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(i) A one inch plastic rod of 4cm diameter was cut into two equal halves. Two 
perpendicular holes were drilled tlurough one and the portion was cut open to fix a 5mm 
diameter glass bent tube (90° bent) in that place. This served as the wire guide through 
which the wire can be passed. This coUimates the wire to go and strike the metal plate 
without bending in its way. 

(ii) Two stainless steel plates fashioned into slides wei« stuck on the other half piece of 
the plastic block with an adhesive agent such as M-SeaFM. The metal plate is easUy slide- 
able through the stamless steel slides. 

(iii) Hard plastic was used which is an insulator as well as it can withstand the explosion 
conditions. 

(iv) A 500ml beaker was used as the vessel. Since it was required to keep the least 
distance between the metal plate and wire holder plastic block, handling it would definitely 
cause a problem - so tiie beaker was cut and its height was reduced to half. 

Glass beaker cutting: A wire with its two free ends, each comiected to a terminal of 
the battery was looped around tiie glass beaker along the m^k at which the cut was to be 
done. Without touching the two ends, they w^re held tightiy - tiien current was passed 
through the wire. It became red hot and the glass beaker got cut along that mark. 

(iii) The two plastic blocks were pasted with m-seal on tiie base of the beaker. Water was 

poured ahnost to the brim. The metal plate was passed through tiie slides on one block and 

the wire was passed Wgh the tube attached to the other block placed opposite to the 
previous one. 

(iv) Use of thick stranded copper wires with silver coating : This was used for tiie 
purpose of conduction from the battery's positive terminal to the metal plate by an ohtnic 
connection and from tiie negative terminal to the wire by anotixer ohmic comiection to 
complete tiie circuit The tip of the stranded wire was soldered. A hole was made below it so 
that a 4 to 5cm long tiiin etched wire could be looped in and tiiis part was used for tixe 
explosion. One set of stiranded wires was attached to the metal plate as well. 

. Dimension of tiie v^re and the plate: Chemically etehed wires were used for tiie 
purpose of explosion. The diameter was measured witii tiie help of an optical microscope. A 
one inch by one inch metal plate was used. The following table discloses tiie diameter of the 
wires of different metals tiiat were used for tiie electio-explosion of wires. 



WIRE material 



DIAMETER (Dm) 



Iron 



475 



Silver 



475 



Copper 
Aluminium 



237 



275 



Etching of the metal plate: Before the plate could be used for the explosion, its 
surface should be chemically clean and smooth. For this the plate was etched. Etching was 
done in nitric acid in case of copper, nitric acid mixed with a few drops of hydrofluoric acid 
in case of iron and sodium hydroxide solution in case of aluminium. Silver wires of a 
required diameter were ordered. Nitric acid was poured m a beaker containing water to 
obtain a dilute solution. Then the plate was immersed in it and after sometime a clean 
metallic surface resulted. It was rinsed in distil water and dried. 

The explosion was carried out for a range of voltages from 12 V to 48V. The 
minimum battery voltage available was 12 volts, so two and three such batteries were 
connected in series to meet the voltage requirements as needed. 

• 

Referring now to Figure 4, the electro-explosion of wires (HEW) is carried out 
employing a reaction vessel (1) prepared to house the electrodes (2, 2') and the medixmi (3) 
in which the explosion is carried out. The wire (2') is aligned to the correct geometry 
through the wire guide (5). The voltages required for the purpose of exploding the wire is 
provided by a bank of batteries (4) operating under the condition of an ideal current source. 
The plates (2) and wires (2') are cleaned through acid etching and the same method is 
employed to control the cross-section of the wires. The Al wires and plates were etched 
with a 10% solution of NaOH. . 

- The background for the electro-explosion of wires has been presented by Graneau 
[P. Graneau, Phys. Lett. 97 A (1983) 253] who offers a theoretical explanation for tliis 
hitherto unexplained phenomenon, basing his argument on the axial forces expected to exist 
between separate elements of a current circuit according to Ampere-Neumann 
electrodynamics as they apply to steady currents. Graneau effectively specified an open 
circuit condition by which isolated circuit elements are subject to axial forces generated by 
mutual action of current in different parts of tlie element The force is of the form: 



F = rlog(UD) 
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Where (0 is the current in amperes and L/D is the ratio of the length of element L to 
a quantity D of the order of its thickness. 

Graneau's emphasis that the fractures are tensile in character, whereas pinch forces 
are compressive and could not cause wire fragmentation of the form observed, but his 
theoretical account did not explain why the wire breaks into as many as 50 fragments. Each 
of these fragments is of insufficient length to develop adequate force. 

According to Aspden [H. Aspden, The exploding wire phenomenon, ?hys. Lett. 107 
A, 5 (1985) 238] , the most obvious cause for an axial force in the path of current flow is the 
direct action of electromotive force on charges in the conductor. When an emf is applied to 
a conductor the field intensity E applies force to the electron population having mobility, 

■ 

which accounts for current flow. The forces impart momentum to the electrons, which is 
transferred by collision forces are balanced by the action of E upon the positive charge of 
this atomic lattice. Overall, there is no resultant axial force on the conductor because the 
emf and the. potential drop determined by the collision related ohmic losses are balanced. 
Thus, in the steady state curreiit condition, the closed circuital flow involves no axial forces 
along the current path. 

. Now, when the emf is changing owuxg to magnetic induction effects, including self- 
induction withm the conductor, the applied emf and the potential drop are no longer in 
balance. Their difference can be measured experimentally and can account for an axial force 
in the line of current flow. Under these conditions the positive atomic lattice of the 
conductor is subject to the full intensity E, as are the electrons, but the electrons has an 
additional role. They not only act as a catalyst m transferring momentum to the lattice by 
collisions, but they also transfer momentum to whatever it acts as a store for the energy 
associated with the magnetic induction process. The field medium is closely coupled with 
the collective electron action and this fielji can assert forces in its interaction with charge in 
matter. In effect, therefore, we can reasonably expect a residual axial reaction force 
corresponding to the work done by the emf in feedmg energy into the self-conductance of 
the conductor when its current increases. The force will be axial force acting between the 
conductor and the field induced in the observer's reference frame, by the electron motion. 

■ 

Such a force can cause mpture of the conductor if ^e current build up is rapid enough, but it 

cannot separate the conductor body from the electron population. All that can be expected is 

that the conductor will disintegrate into elements, which are contained during the explosion 

within the plasma formed by the current discharge. The reason for tliis is that tlie force 

acting on each positive element of the atomic lattice of the conductor will not, m general, be 
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the same throughout the conductor. The quantitative analysis fully supports this explanation. 
According to Graneau, the electrodynamics argument requires induced stress to be 
proportional to the square of current, whereas the new explanation suggested by Aspden [H. 
Aspden, the exploding wire phenomenon as an inductive effect, Phys. Lett. 120 A, 2 , 
(1987) 80-82.] involves a linear current relationship. 

The novelty and inventive step of the process of the patent resides in making metal 
nanoparticles dispersed in a dense medium through the electro-explosion of wires. 

The following examples are given by way of illustration of the novel process of the 
present invention and therefore should not be construed to limit the scope thereof. 
EXAMPLE - 1 

A reaction vessel for preparation of nanomaterials employing the exploding wire 
technique was constructed out of glass with an arrangement for mounting a copper metal 
plate (electrode 1) perpendicular to the base of the reactor. A wire guide arrangement is 
placed so that a copper wire (electrode 2), while passing through the guide, approaches the 
plate along its normal. The metal plate and the wire form the two electrodes which is 
connected to a battery bank allowing for supply of voltages starting at 12 V and going up to 
48V in mcremental steps of 12 V. The reactor vessel is fiUed up with a suitable dense 
medium so as to completely immerse electrode 2 and 66% of electrode 1. 

The batteries were connected so as to have electrode 2 connected to the positive 
terminal of the battery and electrode 2' to the negative terminal. Electrode T is brought into 
contact with electrode 2 to achieve an explosion, following which the current naturally falls 
to zero. This signals the start of a new explosion sequence whereby the process is repeated. 

The exploded metal particles remain suspended in the dense medium which is 
collected in the following manner. An initial centrifuge of the suspension at 5000 RPM 
separates the fluid from the solid mass? While the former is rejected, the solid mass is 
dispersed in electronic grade acetone for further AFM analysis. AFM analysis was carried 
out in the contact mode employing a silicon ultralever having a force constant of 0.2 N/m. 
The contact force was set at 10.4 nN for all topography data collected with the AFM. The 
nanoparticles dispersed in acetone was spread on single crystalline silicon (100). Figure 5 
shows the AFM data collected for nano-crystalUne copper particles allowing for the 
recording of particles in the range 27nm - 72nm. Part of the solid mass was incorporated in 
a paper matrix, dried and held firm for x-ray diffraction studies (XRD). First for reference 
an XRD pattern was generated for bulk copper as a 6 - 28 plot scanning from 41-100* 
generating the lines (1 1 1). (200). (220), (311), (222)- at 20 = 43.44° , 50.50°. 74.20°, 90.00°, 



«d 95.10- respecuvely.j-or nano-copper sample coUected « 36 V . • 

said paper mattx. „„,y <,„e main peal, at 2I42 1- -orporated in fte 

tliose in the XRD pattern of bulk eo™, 

nanopartiele as far as the d -nanune J T^" ™' "'"^ P"rf<y °f 

^ u parameter relatine to the n n\ r 

indicates reorientation of the nanopartiele concerned. This further 

the randon. orientation of grains in the bullc ^IlT"'" " " 
EXAMPLE -2 <Jetaas are shown in Figure 6. 

■ 

A reaction vessel for DrenaratJo^ x- 
-chniiue »as constructed out of Z jI"'^^ "^'"""^ 

(^.ectrode 2) p«pe„dicular .0 the ^ " r^T"" ' 
Placed so a silver wire (electrode 2') !L ^ wire guide arrangen,en, is 

P-a^^ along its nornuU. "tte 2^'^"^,^'""' ''P'""-'- *e 

co-mected to a battery bank aUowing for suonlv "^'"''es which is 

- V in incren-enta, ste.s of. v' ^e ^ ^ ' ^ ''""^ 

With elect^de 2 to achieve an e T ^'~'™^ """S^ 

» This Signals the l^^ZZ^'"' '""""^ «^ — naturally aUs 

^ exploded ^etal p^"Z 

Piracies remain susDendeH i« ^ 

ooliected in the foBowing nuu^er. M initial c«L^ f '"^^ 
separates the fluid from the soUd naass. WhU. fl^fo™ ^ ^ 
i. electronic grade acetone fbr ^ ^ Z " T"""' 

The contact force was set a, 10 4 nN for'all , ^ °™ °^ "-^ 

-opartic.es disp^ ^ acetone^^I ^1 t"!^^ '"'"^ 
*ows the data coUected for nano-ZITr T ^ 
panicles in the range 50nn, - 2oZn """"" — S of 

Part of the solid mass was incorooraterf in « 
7 ~o„ studies CXRC, Pirst 1"^: :^' ^^^^ 
Wver as a e - 29 plot scanning &>„ 38= ^ « 

(3U). (222) at 2e = . :.273o. L '"^ ^" 

"ano-sUver sample held onto a oaner ■ ."-379 , and 8 1 .500» respectively. For the 

- ^ e - 20 Plot scanning 'T""^ "» P-^n was generated 

S om 38 - 82 ge„era«„g .he lines (1 „), (200), (220). (3 1 ,). 



(222) at 20 = 38.016-, 44.182». 64.35I«. 77.317«, and 81.500« respectively. The position of 
these lines in XRD is similar to those obtained in bulk silver. This indicate Uie purity of the 
nanoparticle lattice having bulk-like periodicity in the particles investigated. These details 
are shown in Figure 8. 
EXAMPLE - 3 

A reaction vessel for preparation of nanomaterials employing the exploding wire 
technique was constructed out of glass with an arrangement for mounting' an iron metal 
plate (electrode 2) perpendicular to the base of the reactor. A wire guide arrangement is 
placed so that an iron wire (electrode 2'). while passing through the guide, approaches the 
plate along its normal. The metal plate and the wire form the two electrodes which is 
connected to a battery bank allowing for supply of voltages starting at 12 V and going upto 
48 V in incremental steps of 12 V. The reactor vessel is filled up with a suitable dense 
medium so as to completely immerse electrode 2 and 66% of electrode 1. 

The batteries were connected so as to have electrode 1 connected to the positive 
terminal of the battery and electrode 2 to the negative terminal. Electrode 2 is brought into 
contact with electrode 1 to achieve an explosion, foUowing which the current naturaUy faUs 
to zero. This signals the start of a new explosion sequence whereby the process is repeated. 

The exploded metal particles remain suspended in the dense medium which is 
collected in the following manner. An mitial centrifuge of the suspension at 5000 RPM 
separates the fluid firom the soUd mass. While the former is rejected, the solid mass is 
dispersed in dectronic grade acetone for further AFM analysis. AFM analysis was carried 
out in the contact mode employing a siUcon ultralever having a force constant of 0.2 N/m. 
The contact force was set at 10.4 nN for all topography data collected with the AFM. The 
nanoparticles dispersed in acetone was spread on single crystalline silicon (100). Figure 9 
shows the data collected for nano-crystalline iron particles allowing for the recording of 
particles in the range 1 Onm - 50nm. 

Part of the solid mass was incorporated in a paper matrix, dried and held firm for x- 
ray diffraction studies (XRD). First for reference an XRD pattern was generated for bulk 
iron as a 0 - 20 plot scanning from 44 - 90° generating the lines (110), (200), (21 1) at 20 = 
44.8° . 65.0°and 82.0° respectively. For the nano-iron sample held onto the paper matrix as 
stated above, an XRD pattern was generated as a 0 - 20 plot scanning from 44° - 90° 
generating tlic lines (1 10), (200). (21 1) at 20 = 44.8°. 65.0°. and 82.0° respectively. The 
position of these lines in XRD is similar to those obtained in bulk iron. This indicates the 
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purily of (he nanoparticle lattice havina bulk lit. • 

These detail, are .howa in ,„ " '"-Uga,^. 



EXAMPLE - 4 



A reaction vessel for 

^chnioue was o..^ out^wi'"'""^ '""'"^'"^ =^'"<««-* -e 
-.a, plate (eleCtode 2) petpet^lietUa, to iTblT'""" """""^^ ™ 

*at an alun^^ J^^^^^ o;,^' A ^ a„an,en,en. 
approaches the plate along its nonnal He me,., ■ '^''*'* '^"^^ e^"", 

wMc. . connected to a hatte. J rCCt " t 

gomg opto 48 V in toc«n.ental steps of 12 V Th « 12 V and 

de^se ^edinn, so as to con^ietei. in^c^e eJt^^r'of T " 
The ba«eries were connected so as to hav , '• 

~ Of the baaery and electrode 2^ I ne I ' """^ ^""^ 

wifl, electrode 1 to achieve an 1^27^ ^ ' 

•o zero. ™s Signals d„ star, of a .«w ex^^l "^"^^ 

T^ «p.oded n^ta, parU^I T^ °^°"^ '^"^"^ is repeated. 

-ec.edh..hefouowing„i.rM:::~o:r ""-^ ^ 

^parates fl,e fluid fc,n> solid naass While ^ " 
in electronic grade acetone for C ^J"-^' -^^--^ 

r ™- -p'oying a siiic!:!^!^^^ r^:: r ^ 

The contact force was set at 10.4 nN for all ,„ ! * ^ "'^ "-^ W"- 

-opartides dispersed in acetone was 11 1 *"? with the Am. ,^ 

*cws the data collected for nano^rystlTllT^' ^"^"^ ^ > « 

Of particles in the range 40nn, - no^T^ ^"'''^ -ordmg 

. Pan of the solid mass was incoribrated in . 
•ay diffiacaon studies (XRD, First ibr^rce "''^ «™ - 
Pio. for huilc alunnniun, scannh,g fton, ^ ^--^^ - a 9 - 26 

(^^2) a. 29 = 45.2«. 65.4«. 7S.4- and 82.. rj^,~' ""^ 

was observed a, 26 = 46.1» and the second T " ^'^•«>' fet peak 
w«. observed after that. Uese p^Z co^aT T""" " ' ^° ^ 
or bua. .un-iniunr. The positi: of ^hrfrr ""T " 
*o» of the bulk n^eria, tadicating a h 2 '^.^'"^'^ ^ Son. 
-anomaterial. Tl.se details are shown in Figure ^ 

The main advantages of the novel process of .1,. 

ei process of the present invention are: 



1. Nanoparticles from conducting parent materials which can be shaped in the form of a 
wire/plate can be used. In this case both electrodes produce the particles. 

2. The dominant mechanism here is spark explosion, which is an adaptation of the electro- 
explosion of wires phenomena. 

3. Our voltages are much lower 12V - 48V maximum. We can also use AC currents for 
uniformity, according to theory. 

4. We can use many dense media such as glycerin, hydrocarbon oil etc. as polarizability of 
the media is of no importance. 
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We claim: 



'• ""^^^ production of „etalli. 

. fim and «^„d elll r ' '"^ ''-•'^^^ 

nanop^tieias are desired, said firs, =,ec!rd "^"^ *° "^"^ 

-ond eiecode ^ ^ J ^o™ of a pia.e. and 

«.e said firs, and second eZroL 7„ ^ ^ 
"here d,e second electo>de cross-sectior " '""'^ " 

"Sh current densiUes are acinevl airT " " °' -"ereby 

ttrough d.e bulic „f ^ _ 1"°^ *oclc 
^'^•^"..ofor^na^par^ciesll:^''"'''^*'^ and 

the flagmems in a suiw,,. !. 
recovering Ok nanoparticles 

therefrom ^ ^^^in described and 

A process as claimed in claim 1 wlKrein m, ' 

-"ected in said n^dium in ord^Tf^l^"'*' » C«) above a„ 

7~soas,„p„ven.ti.nanopar«crfil~°°*''^''^"^'-'«^ 
3- A process as clain^ed in ctain. 2 w J^ t ^ 
combination of the naetal and the meZ t 

»d «,e nanoparticle si„ is -.odifi^tl^^ T ^'"'"'^ «-°<^ 
"teodty and wi„ diameters. . ^ ™"a8=. explosion current 

4. A process as claimed in claim 1 

^'^^^^ as Claimed m any Drecf»/4in^ Ai • 

^ firs, and secoL":^::^:^ ^ " - 

. " ""^ ""^'of '^V - 48V DC preferably 

5- A process as claimed in a 

"--e is in ^ Of a::r::;;t;."'7'" ~™ °^ 

'>--..mftenmgeof0.96.,o.A/m=.„," -.^'f x 10- cm^ in order to cany • 
• A process as claimed in an ' x 10 A/m\ 

has a. ieas. a cond::CT;:::,;t^*° '^^ '""^ 
P«»«s as claimed in any n„ ! ^ ' 
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9. A process as claimed in any one of claims I to 7, wherein said metal is selected from the 
group consisting of Fe, Cu, Ag, and Al. 

10. A process as claimed in claim any preceding claim wherein the medium is selected from 
water and butanoL 

11. A process for the production of metallic nanoparticles by the controlled electro- 
explosion of a metaUic wire in a suitable medium substantially as herein described with 
reference to the foregoing examples. 

12. An apparatus for the production of metallic nanoparticles by the controlled electro- 
explosion of a metallic wire in a suitable medium which comprises a reaction vessel 
containing said medium, a first and second electrodes mounted inside said vessel 
submerged in said medium, said first and second electrodes being formed of a metal 
whose nanoparticles are desired, said first electrode being in the form of a plate and 
said second electrode being in the form of a wire, so as to achieve a spark between the 
said first and second electrodes, thereby simulating a situation where the second 
electrode cross-section is pinched or reduced and whereby high current densities are 
achieved along tiie lengtii of the second electrode, said electrodes being comiected to a 
power source so that current is passed ti^ough said electrodes, instantaneously 
exploding both said first and second electrodes by sending shock waves through the 
bulk of the material, tiiereby melting the electrodes and dispersing them to form said 
nanoparticles of said metal. 

13. An apparatus as claimed in claim 13 wherein said first electrode is mounted wherein 
said first electirode is mounted perpendicular to the base of said reactor. 

14. An apparatus as claimed in claim 13 or 14 wherein said first electrode is mounted in 
said reaction vessel through stainless steel slides on an msulating block 

15. An apparatus as claimed in claim 15 wherein said insulating block is a plastic block. 

16. An apparatus as claimed in any one of claims 13 to 16 wherein said second electrode is 
mounted in said reaction vessel through a guide. 

17. An apparatus as claimed in claim 17 wherein said guide comprises an "L" shaped glass 
tube, mounted through an insulating mounting means fixed in said reaction vessel. 

18. An apparatus as claimed in claim 18 wherein said "L" shaped glass tube is mounted on 
said insulating mounted means such that it coliimates said second electrode, passing 
therethrough to strike said first electrode along its normal. 

19. An apparatus as claimed in any one of preceding claims 13 to 19 wherein said power 
source is a 12 to 48V battery. 
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20. An apparatus for the production of metallic nanoparticles by the controlled electro- 
explosion of a metallic wire in a suitable medium substantially as herein described with 
reference to the accompanying drawings 

Dated this 25^' day of June 2003 
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